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Abstract 
 
Background​: Vagus nerve stimulation (VNS) reduces inflammation induced by lipopolysaccharide (LPS) in an adult 
rat sepsis model. Multi-dimensional heart rate variability (HRV) index reliably tracks the inflammatory profile in the 
near-term sheep fetuses. The effects of VNS on neonates are not known. First, in the piglet model of sepsis, we 
aimed at evaluating the effect of VNS on the systemic inflammatory response induced by a high dose of LPS to 
mimic late-onset neonatal sepsis. Second, we aimed at validating our derived HRV inflammatory index in piglet to 
test its performance in this different species, older developmental stage and a stronger degree of sepsis.  
Methods​: Three neonatal piglets of 7-14 days of age with 2.4-4 kg in body weight were used in this 
proof-of-principle study. Following anesthesia, electrodes were attached to the left vagal nerve to allow stimulation 
(VNS). ECG, blood pressure (BP) and vagus electroneurogram (VENG) were recorded for the duration of the 
experiment. After baseline recording, the piglets were administered LPS as 2mg/kg IV bolus. In the VNS treated 
piglet, the vagus nerve was stimulated for 10 minutes prior to and 10 min after the injection of LPS. In both groups, 
every 15 min post LPS, the arterial blood sample was drawn for blood gas, lactate, and glucose as well as the 
inflammatory cytokines measured by a quantitative ELISA multiplex panel. At the end of the experiment, the piglets 
were euthanized. BP and ECG-derived HRV were calculated. 
Results​: The piglets developed a potent inflammatory response to the LPS injection with TNF-alpha, IL-1beta, IL-6 
and IL-8 peaking between 45 and 90 min post-injection. VNS diminished the LPS-induced systemic inflammatory 
response varying across the measured cytokines from two to ten-fold. We present the low-cost, easy-to-implement 
design of the VNS probe. The HRV index tracked accurately the cytokines’ temporal profile.  
Discussion​: We present a novel method to model, manipulate and track neonatal sepsis. Our supportive findings 
suggest that 1) the HRV index of inflammatory response applies across species pre- and postnatally, 2) the HRV 
index performs well at different degrees of sepsis (i.e., nanogram and milligram doses of LPS), and 3) the present 
VNS paradigm effectively suppresses LPS-induced inflammation, even at high doses of LPS, and notably is also 
reflected by changes in the HRV composite measure. The presented method lays the foundation for larger studies 
investigating the mechanisms and the therapeutic potential of early postnatal VNS intervention to counteract sepsis 
progression and of HRV monitoring to early detect and track neonatal inflammatory response.   
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Introduction 
 
LPS is commonly used to induce endotoxemia mimicking an infection of the blood by gram-negative bacteria. The pig is 
considered an excellent model for septicemia, necrotizing enterocolitis and neonatal brain injury due to the anatomical 
and physiological similarities with the human. Vagus nerve stimulation (VNS) has been shown to exert anti-inflammatory 
and anticoagulant responses induced by LPS in an adult rat sepsis model.​1 
 
As a primary objective, we aimed at evaluating the effect of stimulating the cholinergic anti-inflammatory pathway (via 
stimulating the vagal nerve) on the systemic (plasma cytokines) inflammatory response induced by an IV injection of high 
dose lipopolysaccharide (LPS).  
 
We have shown that multi-dimensional heart rate variability (HRV) analysis can reliably track the inflammatory profile in 
near-term sheep fetuses (Fig. 1). As a secondary objective, we aimed at validating the derived HRV inflammatory index in 
a different setting of sepsis. 
 
 
         
Figure 1. ​Heart rate variability (HRV) provides a signature of the fetal systemic inflammatory response in a fetal                  
sheep model of lipopolysaccharide-induced sepsis. LEFT: Temporal profile of LPS-induced fetal sheep inflammatory             
response measured by plasma levels of IL-6 with a peak at 3 hours post i.v. LPS injection - also reflected in the fHRV                       
inflammatory signatures (cf. Table 2A next page). ​RIGHT: Principal component analysis (PCA) approach to identify fHRV                
signatures renders similar results regarding selecting which fHRV measures track IL-6 responses. From ​2​ with permission.  
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Materials and Methods 
 
Ethics Statement 
This pilot study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of                     
Laboratory Animals of the National Institutes of Health. The respective ​in vivo protocol was approved by the Committee on                   
the Ethics of Animal Experiments of the Université de Montréal (Permit Number: 13-Rech-1695). 
 
Anesthesia 
Three neonatal piglets of 7-14 days of age with 2.4-4 kg in body weight were used in this pilot study (see Table 1). Each 
piglet was pre-medicated with butorphanol (analgesic) (0.1mg/kg) and diazepam or midazolam (sedative) (0.2mg/kg) 
intramuscularly, approximately 15 minutes prior to anesthesia. Anesthesia was induced using isoflurane in oxygen via a 
mask (expired Isoflurane 1 to 2.5%; ETISO%). The piglet was then intubated and mechanically ventilated (Expired CO2 = 
35 to 45 mmHg; ETCO2). Monitoring included capnography, direct arterial pressure, central venous pressure, pulse 
oximetry, electrocardiography (ECG) and temperature. Body temperature was maintained using warm water blankets. 
Observations were taken every five minutes. 
 
Surgery 
Once the piglet was anesthetized, the catheter insertion sites (neck and groin) were surgically prepared. A 20 to 22 G 
catheter was inserted into the femoral artery in the groin area via a cut-down to measure the direct arterial pressure. An 
introducer catheter was inserted into the right carotid via a cut-down. A second catheter was then inserted through the 
introducer catheter and into the left ventricle. The correct placement of the catheter was verified using the arterial 
pressure trace. Lidocaine 2% was instillated (splash block) into the surgical wounds prior to these first two procedures. 
Another catheter (8 to 10 Fr G) was inserted into the left jugular via a cut-down to measure the central venous pressure 
and to administer intravenous fluids (3 to 5 ml/kg/hr). Via the same incision, electrodes were attached to the left vagal 
nerve to allow the stimulation of and the recording ( vagus electroneurogram, VENG) from the nerve.​ ​(3, 4) Left VNS has 
been shown to result in less or none cardiovascular side effects, ​i.e​., no bradycardia. ​3,4​ ​In the control group (LPS only), 
the vagal nerve was surgically exposed, however, no electrodes were placed on the nerve. Local anesthesia was not 
used in this surgical incision because of the risk of desensitizing the vagal nerve. A suprapubic urinary catheter was 
inserted into the urinary bladder to measure the urine output and to minimize the discomfort associated with a distended 
bladder during the experiment (~3 hours postoperatively). A small incision (3 to 4 cm) was made to facilitate the insertion 
of this urinary catheter. A purse-string suture was placed to secure the urinary catheter in place. 
 
Data acquisition 
ECG, HR and arterial blood pressure were monitored continuously (1902 amplifier and micro3 1401 ADC by CED, 
Cambridge, U.K., and NL108A, NeuroLog, Digitimer, Hertfordshire, U.K) and sampled at 1000 and 256 Hz, respectively. 
VNS was applied via NeuroLog’s NL512/NL800A using pulse sequence pre-programmed in Spike 2. The VNS settings 
were as follows: DC rectangular 5 V, 100 uA, 2 ms, 1 Hz according to ​5​. VENG was recorded at 20,000 Hz. See Fig. 2 for 
VNS/VENG electrode design.  
 
Experimental protocol  
Baseline 
After a period of stabilization (15 minutes), 60 min of “baseline” was allowed to pass during which ABP and ECG were 
recorded. Subsequently, a baseline blood sample was taken for blood gases (Radiometer, 0.8 ml), complete blood count 
(hematology) (1cc) and cytokines ELISA (3cc, spun down at 4° C, 4000 rpm for 4 minutes and frozen at -80° C for 
plasma) (total of 5 mL blood).  
 
Induction of endotoxemia​ ​with LPS 
Next, the piglets were administered LPS 2mg/kg IV bolus (Sigma L2880).​6​ In the treatment group (VNS), the vagal nerve 
was stimulated for 10 minutes prior to and 10 min after the injection of LPS.​ ​The control group was observed over the 
course of 3 hours as it developed sepsis. In both groups, every 15 min post LPS, a 0.8 ml arterial blood sample was 
drawn for blood gas, lactate, and glucose (Radiometer ABL800 Flex). At baseline, 15, 45, 90 and 135 minutes, these 
measurements were done as part of the larger blood sample (3-4 ml) together with inflammatory cytokines and for 
hematology. At the end of the experiment, the piglets were euthanized and tissues collected. Prior to the injection of 
Euthanyl, the level of anesthesia was deepened. 
 
Cytokines assay 
Plasma cytokines were measured by the commercial service provided by Eve Technologies (Calgary, AB, Canada). A 
Porcine Cytokine 13-plex Discovery Assay kits were used (Cat.# PCYTMAG-23K-13PX) to examine 13 cytokines 
4 
including GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1ra, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α, Here we report the 
results of IL-1β, IL-6, IL-8, IL-10 and TNFα, the most interest cytokines mediated by the cholinergic anti-inflammatory 
pathway ​7​, their assay sensitivities are 42 pg/ml, 9 pg/ml, 5 pg/ml, 9 pg/ml and 6 pg/ml, respectively. The intra-assay and 
inter-assay variations for all the cytokines were <10% and < 20% respectively. 
 
Hematology  
Inflammation was further evaluated by hematological investigation using complete blood count (CBC).  
 
Data analysis 
Evaluation of piglets’ physiology was done based on ​8,9​. Mean, diastolic and systolic ABP (ABP), as well as FHR, were 
calculated for each animal, at each time point, as an average of the artifact-free 10 preceding minutes (60 preceding 
minutes for the baseline) using Spike 2 (Version 7.13, CED, Cambridge, U.K.). We reported the CIMVA approach and 
derivation of the HRV composite measure elsewhere. ​2,10​ VENG analysis will be presented elsewhere. 
 
 
Figure 2. Design of the fetal sheep cervical 
bilateral VNS/VENG probe.​ The scale is metric. 
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Results 
 
The animals’ characteristics are summarized in Table 1. LPS injection had a rapid and profound effect on piglets’                  
acid-base status with rising lactic acidosis which was  diminished by VNS treatment (Fig. 3).  
 
Table 1. Animal age, gender and body weight, and treatment  
Animal ID Age (days) Gender Bodyweight (kg) Treatment 
Piglet 58110* 7 Male 2.5 Control 
Piglet 58113 7 Male 2.4 LPS + VNS 
Piglet 58178 14 Male 4 LPS 
* lost during surgical instrumentation due to a complication of intubation 
 
Fig. 3. Blood gas, glucose and lactate measurements during the experiment. 
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Case 58178 (LPS) developed a profound and progressive leukopenia followed by the appearance of toxic neutrophils 
toward the end of the experiment at 135 minutes. Case 58133 (LPS+VNS) developed toxic neutrophils after 135 minutes.  
 
In piglet, heart rate of less than 120 is considered bradycardia, between 121 and 160 is normal, and more than 161 
represents tachycardia. VNS-treated animal showed a more stable, albeit tachycardic heart rate around 220 bpm, while 
LPS alone resulted in a rapid rise of heart rate to 240 bpm, following the temporal profile of the cytokine increases toward 
100 min post LPS (Fig. 4). VNS-treated piglet started out with a lower than physiological levels of mBP and dBP, but 
normal sBP, immediately post LPS and lower even at the time of TNF-alpha peak around 45 min post LPS injection, but 
this difference disappeared toward 80 min post LPS and in the further course of the experiment.  
 
 
Fig. 4. Cardiovascular responses: diastolic, systolic and mean blood pressure as well as heart rate 
 
At 45 min post LPS injection, TNF-alpha levels peaked and were eight-fold lower in the VNS-treated animal (Fig. 5). IL-10                    
and IL-6 correlated reflecting the physiological compensatory rise of the anti-inflammatory IL-10. Surprisingly, VNS also               
reduced the rise of IL-10 at this time, delaying its increase by ~90 min. IL-6 responded with a characteristic slight delay of                      
rising at ~90 min and VNS reduced the magnitude of this response two-fold.​11,12 We saw no effect of VNS on IL-1beta and                      
IL-8 increase due to LPS. It is possible that the suppression of IL-10 by VNS secondarily abolished its effect on IL-1beta.                     
Not shown in Fig. 5, we also observed the rise of IL-4, IL-12, IL-18 due to LPS. VNS treatment accelerated the rise of IL-4                        
and IL-12 by 45 minutes to similar peak magnitude of 200 pg/mL and 1200 pg/mL at 135 min, respectively. The IL-18                     
showed a biphasic temporal profile rising 45 min delayed in VNS-treated animal to similar levels of 425 pg/mL.  
 
HRV inflammatory index tracked the inflammatory response and its change due to VNS closely over time, agreeing in                  
particular with the temporal profile of TNF-alpha at the primary peak around 45 min and showing a smaller, secondary                   
peak at ~90 minutes which corresponded to the delayed peaking levels of IL-6, again reduced by VNS (Fig. 5). Due to                     
some missing ECG data in this segment of the experiment we have some corresponding missing time points in the HRV                    
index.  
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Fig. 5. Cytokines and HRV.​ ​Validation of fHRV signature of inflammation in a neonatal piglet model of sepsis at a higher 
LPS dose​. ​TOP​: Inflammatory response to LPS injection in 2 piglets receiving 8 mg LPS i.v. after baseline with or without vagus nerve 
stimulation (VNS). VNS diminishes LPS-induced systemic cytokine production (pg/mL). ​BOTTOM​: The HRV composite measure 
derived in the fetal sheep model of low-dose intravenous LPS exposure for tracking the inflammatory response is applied to the piglet 
model with high-dose intravenous LPS exposure. Note that the HRV composite measure tracks accurately the cytokines’ change over 
time (by comparing the peaks and troughs with the timing on the X-axes in each diagram).  
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Discussion 
 
Our findings suggest that the HRV inflammatory index 1) applies across two large mammalian species with strong 
similarities to human physiology, pre- and postnatally and 2) performs well at different degrees of sepsis (​i.e.,​ nanogram 
and milligram doses of LPS). Moreover, the VNS paradigm based on ​5​ suppresses LPS-induced inflammation in neonatal 
piglet, even at high doses of LPS. Notably, the effects of VNS are also reflected by temporally concordant changes in the 
HRV inflammatory index. This suggests a certain degree of species independence with regard to performance of the HRV 
inflammatory index which can be seen as a hallmark of HRV code, a concept reviewed elsewhere in more detail.​13–16  
 
We cannot say with certainty at this stage (having just one animal in each group) that VNS reversed leukopenia seen in 
LPS piglet, but the changes are in favor of this contention. LPS injection triggered acid-base status changes, a 
cardiovascular and cytokine responses which all were altered by the VNS treatment, albeit we did not observe overt 
cardiovascular shock. The improved acid-base status is in line with reduced inflammatory response due to VNS treatment. 
This may also explain the relatively lower, closer to physiological blood pressure levels under steady tachycardia in the 
VNS-treated piglet. The lower initial dBP levels in the VNS-treated piglet may be directly due to early VNS effects. 
Prolonged, but not acute, VNS has been shown to reduce dBP and mBP levels.​17–19​ However, differences in VNS 
installation, parameter settings and species make a comparison difficult requiring further systematic studies, in particular 
to verify if the early reduction of dBP is clinically relevant under conditions of neonatal sepsis.​14​ In addition, the reported 
cardiovascular effects of VNS should be seen with restraint, since piglets show a considerable range of blood pressure 
and heart rate values at this age.​8,9 
 
The effects of VNS on LPS-induced cytokine responses were not homogenous and showed some cytokine specificity and 
difference in temporal response profile. This is in line with recent findings in rodents showing the specific VNS settings 
induce specific cytokine responses and, vice versa, VENG properties encode for specific cytokine sensing in the vagus 
nerve.​12,20​ Consequently, the selected VNS settings may have been specific to TNF-alpha and IL-6, but not IL-1beta and 
IL-8: an interesting finding considering we based the VNS settings on the work by Borovikova et al which was done in 
adult rats and reduced TNF-alpha production.​5​ In contrast to this study, we observed a transient early reduction of IL-10 in 
the VNS-treated piglet.  
 
Future studies using this model could focus on recording and analyzing the VENG in the setting of septicemia. Do 
interventions such as VNS alter VENG properties? A similar analysis could be conducted for concomitant HRV dynamics. 
Next, the correlations between VENG and HRV signals and their features can be gauged. Once the number and types of 
different states for each signal and the correlations between them have been characterized, it could be investigated if the 
interventions in one signal (​e.g.​, VNS) can have the desired effect on another signal (HRV). Previous work suggests this 
is possible for VENG and HRV. ​21,22​ ​Recently, promising results have been obtained in decoding VENG activity using a 
density-based clustering approach implemented in DBSCAN which is readily available in R.​20,23,24 
 
This research direction has the potential to expand our understanding of HRV code through direct study of VENG 
properties and direct manipulation of VENG properties by VNS. Ultimately, this will lead to closed-loop biocybernetic 
stimulation/monitoring systems of vagus nerve activity and its surveillance and control of inflammatory milieu.  
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